The Doubly Fed Induction Generator (DFIG) has become increasingly popular in wind energy generation because of the lower power electronics converter rating required. However, the small airgap of a DFIG causes it to be vulnerable to slight misalignment of the rotor which may cause a large unbalanced magnetic pull (UMP) to be exerted on the bearing. The reliability of the generator is important to reduce revenue loss; this is especially the case for generators in offshore wind turbines where minimising the cost of energy is crucial in completing with more established forms of electricity generation. This paper had proposed the usage of stator damper windings to reduce the UMP. An example of a 4-pole DFIG with static eccentricity is shown where Finite Element Analysis (FEA) is used to verify the UMP for cases with and without damper windings. Finally, additional losses due to rotor eccentricity are discussed.
Introduction
Global warming and climate change has brought awareness on the importance of reducing carbon emissions. Switching from conventional fossil fuel-based electrical power generation to renewable energy can effectively reduce carbon emissions. Therefore, this move had been widely implemented by many countries. 26.2% of the electricity in the United Kingdom was generated by renewable energy sources in 2016 [1] . Wind energy generation is the most popular type renewable energy generation because of its maturity in technology. From the Wind Global Energy Council, wind turbines have been installed in more than 80 countries; more than 29 countries have installed more than 1000MW of wind turbines [2] .
In recent years, offshore wind turbines had gained higher popularity because it could solve the lack of spaces and environmental issues that onshore wind generation suffered. Furthermore, offshore wind farms also offered a more steady wind speed and lower turbulence intensity if compared to onshore wind farms [3, 4] . The total capacity of global offshore wind generation has increased more than 300% over the last five years from 4.1GW to 14GW. The UK has the largest share of offshore wind turbines occupying 36% of the world's total installed capacity [2] . However, the biggest risk for offshore renewable energy generation is its long downtime when failures occur because the accessibility for maintenance is limited [5] . This long downtime associated with offshore wind generation can lead to significant revenue loss [6] . Therefore, the reliability of wind turbines is important, especially offshore wind turbines.
The two main types of generator used in offshore wind turbine are squirrel cage induction generator (SCIG) and DFIG. As reported in [7] , both types of induction generators have more than 90% of the overall share in generators for offshore wind farms. SCIG is more popular for a fixed speed wind turbine due to its simplicity. Meanwhile, DFIG is a better solution for a variable speed wind turbine because of the reduction of power rating in power electronics converter. Furthermore, DFIG can also solve the reactive power consumption problem that induction machines always encountered. Hence, using DFIG in wind energy generation has received increasing popularity [8] .
According to [9] , the percentage failure of components in induction machines are: bearing related (40%), stator related (38%), rotor related (10%) and others (12%). It shows that bearing failure has the highest percentage failure. As UMP exerts additional loading on the bearing, UMP is one of the factors that can cause bearing failure. UMP caused by the rotor eccentricity is going to be discussed in this paper. In addition, the installation of damper windings in DFIGs is further proposed in this paper.
Unbalanced Magnetic Pull
UMP is caused by uneven distribution of the magnetic flux around the airgap. One of the reasons that cause the uneven distribution of magnetic flux is rotor eccentricity where the magnetic reluctance around the airgap changes with the airgap length. The generation of UMP has been greatly discussed by many researchers [10, 11, 12] . In short, the changes of magnetic permeance around the airgap can cause an additional pole pair ±1 magnetic flux harmonics in the airgap. The interaction between the ±1 magnetic flux with its original pole pair magnetic flux produces UMP. The UMP calculation is shown in Error! Reference source not found.. It is based on the assumption that the rotor eccentricity is low, where × is the magnitude of the ±1 magnetic flux. From (1), the UMP is a function of the degree of eccentricity which causes induction machines to be vulnerable to UMP. As induction machines generally have a small airgap to reduce the magnetising current, a slight misalignment during assembly stage could produce a huge UMP. The UMP from static eccentricity could cause shaft flexing and also dynamic eccentricity [13] . Therefore, the UMP has a snowballing effect that will get worsen with time. It may end up cause contact between the stator and rotor that may damage the whole machine. 
where, is the radius of the airgap. is the axial length of the machine. is the amplitude of the magnetic flux density, & is the pole pair number, is the supply frequency, is the degree of static eccentricity, is the degree of dynamic eccentricity and " is the rotor rotational speed.
In order to reduce the UMP, the pole pair ±1 magnetic flux harmonics need to be reduced. Minimising UMP with the usage of parallel winding in the machine is the method that will be discussed in this paper. When there is parallel winding in machines, the pole pair ±1 magnetic flux could induce an electromagnetic force (EMF) on the windings which produce a counteracting flux to damp the pole pair ±1 magnetic flux. Parallel windings can be either at the rotor or the stator.
For a SCIM, the cage rotor is naturally parallel connected. In [14] , the author has shown that SCIMs can have 80% less UMP than wound rotor induction motors. Subsequently, some researchers also attempted to reduce UMP through having a parallel connected stator winding [15, 16] . However, parallel connected stator winding would reduce the stator inductance and more winding turns are needed to prevent magnetic core saturation. Installation of an additional damper winding of pole pair ±1 of the main winding at the stator is proposed by Dorrell [17] . Dorrell has investigated UMP in both SCIM and wound rotor induction machines. By using the idea from [17] , a new set of damper windings are proposed to be used on a DFIG.
Damper Windings
The proposed damper windings are individually wound from one stator slot to its opposite stator slot which is 180° apart. This damper winding configuration only allow odd harmonics flux to be induced. Therefore, it is suitable to use in electrical machines with an even number of pole-pairs. EMF cannot be induced by the fundamental magnetic flux in the damper windings. When there is rotor eccentricity, the pole pair ±1 of the fundamental magnetic flux can be induced in the damper windings. This would allow the counteracting flux from the damper windings to damp the pole pair ±1 flux. Figure 1 shows the damper winding configuration for a stator with 36 slots.
Damping of UMP depends on the rotational speed of the pole pair ±1 flux because of the reactance of the circuit changes with the magnetic flux frequency. Since the rotational speed of the fundamental magnetising flux of a DFIG is constant, the effect of UMP damping is the same at different rotor rotational speed if the damper windings are installed at the stator. Dorrell has shown that the UMP of SCIMs increase when the rotor rotational speed is close to either its +1 or -1 magnetic flux [17] . The rotational speed with higher UMP depends on the pole pair number of the machine. For example, a 4-pole machine has a higher UMP when running at the slip of +0.33 slip or -0.5 slip. In a fixed speed machine, the slip does not matter as much since it is not the machine operating slip. In addition, the UMP from the higher space harmonics is the dominant flux when running at this rotor slip which makes the UMP from the magnetising flux negligible. As DFIGs are variable speed generators that operate with a large range of rotor slip values, the UMP at certain rotational speed will have a higher UMP if the damper windings are located in the rotor. 
Two pole-pair DFIG
A 2-pole pair 7.5kW DFIG with 36 stator slots and 48 rotor slots is used as an example and the supply frequency is set at 50Hz. Each damper winding has 5 turns. As UMP is proportional to the stator and rotor current, the torque of the machine is used as the x-axis parameter. Although the UMP damping effect is the same. The UMP of the DFIG running at super-synchronous speed at +20% (1800RPM) is shown in Figure 2 . The machine is set at 20% of static eccentricity. The UMP results are taken at steady state. Figure 2 , it is shown that damper windings can greatly reduce the UMP. However, the damper windings cannot damp the zigzag leakage flux or fringing flux because the flux does not induce EMF in the damper winding. Therefore, the effect of UMP damping decreases as the torque increases because higher space harmonics become the dominant flux as the slip increases. The difference in UMP between machines with and without damper windings decreases from 94% (no-load) to 62% (full-load, 48Nm).
Figure 3: Space harmonics of the airgap flux
The airgap magnetic flux of the DFIG at -9Nm is shown in Figure 3 . It is shown that the ±1 magnetic flux sideband (1 st and 3 rd harmonic) of the fundamental magnetising flux (2 nd harmonic) is greatly reduced. As the UMP is linearly proportional to the magnitude of the sideband, the UMP of the machine can be significantly lower. Figure 4 shows the current in the damper windings. Coil 1 to Coil 6 are 10 degrees apart from each other. Coil 1 is wound from the stator slots that are closest to the narrowest airgap to the stator slots that are closest to the widest airgap. Therefore, there is higher flux difference which causes a greater induced current. Then, the current in the damper winding is smaller when the damper windings position is further away from the narrowest airgap. The magnitude of the current is only affected by the degree of eccentricity if the slight reduction of magnetising flux is neglected when the machine is loaded. For the DFIG with 20% of static eccentricity at 0.01 rotor slip, the copper loss of the damper windings is 1.5W.
Power losses due to rotor eccentricity
As the eccentric rotor causes uneven flux distribution around the airgap, this may cause additional power losses in an induction machine with rotor eccentricity. The two main additional losses are iron losses and bearing friction loss. The increment of iron losses is due to the existence of additional harmonics flux in the machine. Meanwhile, bearing friction loss is due to UMP causes additional radial force on the bearing.
Although rotor eccentricity will slightly increase the inductance and this will reduce the magnetising current, this has a minor effect on the copper losses, which is neglected. Furthermore, the additional pole pair magnetic flux could not induce EMF into the series connected stator and rotor winding. Therefore, the influence of rotor eccentricity towards copper losses is neglected.
Iron Losses
As the iron losses are a quadratic function of the peak magnetic flux density, additional pole pair flux would cause higher iron losses. The hysteresis loss and the eddy current loss formulas are shown in (2) and (3).
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Where, + / is the power loss coefficient for eddy current loss and + * is the power loss coefficient for hysteresis loss, 0 1 is the lamination thickness,is the frequency. 2 and 3 are determined by curve fitting of the loss model from the measured data. For low frequency application, 2 is assumed to be 2. Combining (2) and (3), power loss model is shown in (4).
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As the in (4) is squared, finding the total harmonic distortion (THD) could find the increment of the iron loss due to an eccentric rotor. The THD is higher in an eccentric airgap. (5) shows the THD of the magnetic flux harmonics of a concentric rotor.
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The total iron loss from an eccentric rotor is shown in (6) . It has been demonstrated that the iron loss has an increment of . For example, 50% of eccentricity would increase the iron loss by 12.5%. '( _4"(5_<==<51"4= = '( _4"(5 >1 + 1 2 ?
The iron losses are not evenly distributed across the induction machine. For example, the tooth tips have a higher flux density than the back iron. However, the stator back iron contributes more than 70% of the total stator iron loss [18] . Therefore, FEA is used because it is suitable for estimating electromagnetic problems with a complicated geometry. For Figure 5 , the predicted iron loss is based on (6) where the iron loss of a concentric rotor is simulated using FEA. 
Bearing Frictional Loss
The frictional resistance of an object's relative motion creates frictional loss which results in heat generation. In a wind turbine generator, only 0.6% of energy consumption comes from bearing friction loss [19] .
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The instantaneous power loss due to friction force can be calculated from (7) . The @"4= is the friction coefficient, C is the rotation speed of the rotor shaft, A <B is the total force acting on the bearing.
A <B = D6E " FFFFFG + FFFFFFFFFFG 7 (8) Figure 6 shows the influence of UMP towards the bearing loss. It is the bearing friction loss calculation for a ball bearing with a friction coefficient of 0.002 and the diameter of 40mm. Only constant radial force is considered and the axial force is neglected. The weight and the UMP are assumed to be acting in the same direction. The weight of the rotor is 14kg with a rotational speed of 1500 rpm. Figure 6 has shows that the power loss increases as the UMP increases. For a DFIG with 20% static eccentricity, the UMP of the machine is 1.3kN when running at full load. This means that the bearing friction loss increases from 16W to 175W. So, in the 7.5kW DFIG, the UMP will reduce the overall efficiency of the machine by 2.1%. 
Conclusions
UMP is caused by the additional pole-pair ±1 magnetic flux harmonics that is caused by rotor eccentricity. Usage of a set of damper windings in a DFIG is proposed to damp the odd harmonics. Therefore, the proposed damper winding is only suitable for DFIGs with an even pole-pair number. Subsequently, FEA is carried out on a 4-pole DFIG to verify the characteristics of the damper windings. The space harmonics of magnetic flux around the airgap and the current in the damper windings are analysed. Results have shown that UMP is reduced by 94% at no load and 62% at full load. Furthermore, additional power losses caused by the rotor eccentricity are discussed. Bearing frictional loss is the primary loss because UMP may increase the bearing load. By installing a set of damper windings, it not only increases the bearing lifetime but also reduce power losses.
